Laser-assisted chemical vapor deposition (LACVD) is an attractive maskless process for growing locally carbon nanotubes at selected places on substrates that may contain temperature-sensitive components. This review gives a comprehensive overview of the reported research with respect to laser assisted CVD for the growth of carbon nanotubes. The advantages and disadvantages of local growth using laser sources are discussed, with a focus on structural quality and properties, such as length, position and alignment, and process control. The paper is divided into two parts. The first part deals with the influence that the main parameters for nanotube growth-gas, catalyst and thermal energyhave on the growth of carbon nanotubes by laser-assisted synthesis. The second part deals with the attempts and successes to control different aspects of local nanotube growth using a laser-assisted growth method. V C 2014 Laser Institute of America. [http://dx
I. INTRODUCTION
Carbon nanotubes (CNTs) have attracted a lot of interest since the high impact publication in 1991 by Iijima. 1 Their excellent electronic and mechanical properties 2-5 make them ideal candidates for a wide variety of applications such as transistors and logic operators, field emitters, scanning probe microscopy tips and in composites, (flexible) electronics, sensors, and solar cell technology. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] A prerequisite for most of these applications is the ability to control the properties of the CNT structures. Often this means that aligned CNTs must be grown with specific properties tailored to the particular application. The ability to grow local CNT structures can be advantageous in some cases. For instance, local grown CNTs can act as transistors, field emitters, sensors, and interconnects. Local growth can be obtained by direct or indirect growth in which the latter requires an additional structuring step. Direct local growth of CNTs enables the growth on devices and substrates with temperature sensitive components while no intermediate structuring steps are needed. This greatly enhances the versatility of the process. Laser-assisted chemical vapor deposition (LACVD) is an attractive maskless process for local direct-growth of CNT structures.
The synthesis of CNTs is highly dependent on the process parameters such as temperature, process gases, catalyst, substrate, and time. The nature of the localized process makes it difficult to control some of the process parameters, most importantly temperature, in direct-growth processes.
Although many groups have published research regarding process control and optimization, temperature uniformity, in situ growth measurements, fast temperature response, etc., in LACVD for CNT growth, an overview of all the different parameters influencing the synthesis and control of this method is still lacking. Many process parameters are available which makes it difficult to compare results. In this review paper, we aim to fill this gap by providing a comprehensive overview that combines the results of previous papers in a systematic manner. The main problems with process control and disadvantages of the technique are used as a starting point, where the solutions published are summarized and put into a logical order.
First a brief history is given with respect to general carbon nanotube growth methods that were developed initially. The focus of the paper being on controlled growth, the different chemical vapor deposition techniques are then discussed and their main (dis-)advantages mentioned. Combinations of several techniques, trying to use and combine advantages of the techniques are presented. Other methods for local growth of CNTs are presented and laserassisted CVD in general is explained.
The remaining part of the paper is divided into two main parts. The first part summarizes the unique results regarding the structure, quality and type of CNTs specific for laser growth, with respect to the main elements of CNT growth by (laser-assisted) CVD: Catalyst and substrate, process gases, and thermal energy. The influence of the laser source is also discussed. The second part treats the research and solutions published with respect to enhancing the control over the process. An overview of attempts and successes to control specific properties, geometry, location and quality as well as techniques used to in situ monitor the growth are presented. Next, a brief overview of applications of CNTs specifically fabricated using laser-assisted CVD is given. We end with conclusions and our view of the future challenges of the research on LACVD: What is to be expected and what still needs to be done. A. Carbon nanotube growth methods: A brief overview Before Iijima's pioneering work in 1991, it was already known since the late 1950s that carbon filaments or fibers could be catalytically grown using a chemical vapor deposition method (CVD). [20] [21] [22] [23] Already in 1976 Oberlin et al. 24 proposed a method for the catalytic decomposition of benzene on iron filaments producing tubular carbon nanostructures. However, Iijima's work, the first reported research declaring the growth of CNTs, did not use CVD but instead involved an arc-discharge method. 1 This process comprises a high current between two graphite electrodes. The CNTs were found in the soot of the graphite electrode and yielded both multiwall 1 (MWNTs) as well as single-wall CNTs (SWNTs) in a follow-up study. 25 The disadvantage of this method is that the CNTs are arbitrarily ordered and not aligned, making the method less suitable for many applications that require a certain structure and/or position on a substrate. Also, the temperatures involved in this process are very high and typically in the order of 3000-4000 C. Following up on this discovery, a group at Rice University used their laser evaporation method to successfully grow MWNTs in 1995. 26 The method, in which a pulsed laser was used to directly evaporate a graphitic target, was originally designed to produce metallofullerenes. Later in that year, the same group added metallic nanoparticles to produce single-wall CNTs. 27 The laser evaporation method is a relatively expensive method but has the advantage that high quality 28 SWNTs can easily be grown by controlling the reaction temperature.
B. Chemical vapor deposition for CNT growth
Producing carbon nanotubes by the CVD method is now adopted as the most widely used process. This method comprises a pressure controlled chamber where a hydrocarbon gas is catalytically decomposed on a metal catalyst at a temperature of about 500-1200 C. Ultimately, the growth of CNTs by CVD requires three main elements, namely, energy, mostly in the form of an elevated temperature, a carbon feedstock gas, and a catalyst. 29, 30 The influence of all three components has been studied widely. The first reported CNTs grown by the CVD method was already in 1993. 31 In 1996, Li et al. 32 developed a method to grow aligned CNTs using iron nanoparticles as catalyst. The popularity of CVD over other methods is mainly because the technique uses relatively low synthesis temperatures, compared to the laser ablation and arc-discharge techniques. Because the diameter and, to some extent, the chirality of the nanotubes are dependent on the catalyst diameter or film thickness, [33] [34] [35] [36] [37] the properties of the growth product are highly controllable. Also the ability to grown aligned CNTs is favorable since many applications such as field effect transistors and interconnect applications require alignment of the grown CNTs. Optimizing the advantages of the technique, a number of other CVD techniques for the growth of CNTs, such as plasma-enhanced CVD, 38, 39 aerosol-assisted CVD 40 and fluidized-bed CVD, 41, 42 were developed in the years thereafter.
Combinations of different growth techniques were developed as well. For instance, Kanzow et al. 43 developed a method which combined the laser vaporization method with CVD to grow MWNTs. The laser was used for producing the catalytic nanoparticles, whereas the substrate was heated as in conventional CVD. Grobert et al. 44 used a similar method, where the laser was used only to deposit a thin metal catalyst film and aligned carbon nanotube bundles were grown from solid organic precursors. The group of R€ ummeli and L€ offler developed both a method comprising a laser-assisted CVD with solid carbon as feedstock rather than a gas 45 as well as a laser ablation process combined with CVD. 46 Another possible advantage of a combined CVD process was discovered by Maehashi et al. 47 They developed a method to selectively remove particular CNTs through selective absorption of the exciting laser wavelength only by specific nanotubes after growing by thermal CVD. Similar methods were reported later, by using a free electron laser during growth to control the chirality of the grown CNTs (Ref. 48) and laser induced selective removal of metallic nanotubes. 49 Although CVD is the most widely used method to grow CNTs, the technique also has a number of limitations. First, the process requires a catalyst which generally remains in either the top or the root of the nanotube. This reduced purity can be a problem with respect to the properties of the CNT as well as specific applications. Second, the relatively low synthesis temperature decreases the structural quality of CNTs and results in a lower degree of graphitization. Nonetheless, CVD is still considered the most promising method to grow controlled nanotube structures for many applications, and it has also been suggested that SWNTs grown by the CVD method have less inferior properties than MWNTs.
Although not sufficient for optimal structural properties of the CNTs, the process temperatures are still relatively high, typically above 500 C. 50 In both a hot-wall reactor as well as a cold-wall reactor, the complete substrate is, therefore, heated to these high temperatures, which makes it impossible to apply the technique to substrates and/or features that cannot withstand these temperatures. This can be problematic when the CNTs are to be implemented in a manufacturing line or product that has temperature sensitive features. A transfer step is then necessary, introducing more complexity and higher costs to the production line. Local CNT growth with localized heating would be a solution to this problem.
C. Methods for local growth of CNTs
Local growth of CNTs can be obtained by the localization of one of the three main components required for CNT synthesis: Catalyst, feedstock gas, and thermal energy.
The catalyst can be localized by depositing it locally 51 or by creating a pattern through removing part of the catalyst layer. Usually this is done by an extra and expensive lithographic step. [52] [53] [54] [55] Localization of the carbon feedstock gas has been demonstrated, 56 but this is a process difficult to control. The most promising method for localization of the CNT growth is to confine the required thermal energy to the area where the growth has to take place. A number of researchers have used microresistive heaters [57] [58] [59] [60] [61] to induce the heat locally. Some groups succeeded in growing local CNT structures on complementary metal oxide semiconductorcompatible metal electrodes 58 and heaters. 60, 61 Sosnowchik and Lin 62 used microinduction to induce locally the thermal energy necessary for the CNT synthesis. A comprehensive overview of these and other techniques to localize heat for the growth of local nanotube structures is given in a review paper by Sosnowchik et al. 63 This review focuses on locally induced heat by a laser source. That means that CNT structures are grown with a chemical vapor deposition process but only at locations where the laser provides the necessary thermal energy to reach the CNT synthesis temperature. Using a laser as the heat source has the advantage that it is much more flexible than the approaches mentioned above, since the laser can be focused virtually anywhere on the substrate. In addition, this approach does not require the difficult fabrication and integration of microheaters near the growth side. The downside of this technique is the difficult process controllability. Table I lists several different properties, advantages and disadvantages, and process parameters of LACVD compared to conventional thermal CVD.
Considering the three main requirements for CNT growth: Catalyst and substrate, process gases, and thermal energy, the physics of laser-assisted CNT synthesis is different from conventional growth methods. For instance, catalyst reduction and structuring were found to be able to be created in situ without a pretreatment step in an inert environment. The synthesis gas can be influenced by the laser wavelength and the temperature created on the substrate by the Gaussian laser beam clearly has a very different profile than the flat and uniform temperature profile of a conventional hot-wall CVD apparatus. These and other parameters influencing growth are discussed in Sec. II. The control of the CNT synthesis using LACVD thus requires a different approach. The combination of noncontact local laser heating with fast temperature response and a nonuniform temperature distribution resulted in a variety of solutions to enhance controllability over the process. The enhanced versatility of the process over conventional growth methods, i.e., growing on small structures and writing lines and patterns or single tubes across a certain geometry, resulted in some creative and unique opportunities. This is discussed in Sec. III where we focus on process control. To understand the physics of the process, we will first briefly discuss the laser-assisted CVD process in general.
D. General laser-assisted CVD
Laser-assisted or laser-induced CVD for the decomposition of a certain precursor can be divided into two categories: Photochemical-or photothermal-LACVD. 64 Both processes are schematically depicted in Fig. 1 . The first process, photochemical (or photolytic) LACVD is based on the decomposition of a precursor gas by selective excitation and breaking of the molecular bonds, typically with lasers in the visible or UV range, such as gas or excimer lasers. The result is that the decomposition takes place in the total laser-gas interaction volume. Generally, this process is used for thin film deposition at relatively low temperatures making the process ideal for the growth on temperature sensitive materials. 65 Photochemical LACVD has also been proposed for the production of microstructures 66 but the results did not yield well-defined deposits as a result of diffusion of the excited molecules. 67 Photolytic deposition of metal-carbonyls (such as Fe(CO) 5 ) is a more widely used process for the deposition of thin metal films, with laser radiation wavelength typically below 350 nm. Other examples are the deposition of thin CrO 2 layers with UV lasers, requiring low deposition temperatures due to its metastable state and boron carbide films, using a CO 2 laser.
The second process, photothermal (or pyrolytic) LACVD is based on the thermal activation of the precursor by the laser beam. The process was developed in 1972 and among the first reports of this technique were the deposition of silicon by an infrared CO 2 laser 68 and the deposition of carbon using the visible radiation of an Argon ion laser. 69 Pyrolytic LACVD often requires high temperatures but enables the deposition of halogen compounds, hydrocarbons, and silanes. 64 This process solely uses the laser for heating the substrate on which the precursor material is then deposited. The material is only deposited where the temperature is high enough. Since laser beams generally provide a Gaussian distribution of irradiance on the focus spot, the feature size of the deposit can be smaller than the spot-size of the focused laser beam as long as the required temperature is only reached in a certain part of the center of the spot. 70 To obtain the smallest structural features, usually excimer lasers with Argon (193 nm) or Krypton (222 or 248 nm) are used due to their short wavelengths. Some LACVD processes consist of a combination of both previous processes where one of the two can dominate the deposition rate over the other. This combined process is called photophysical LACVD.
II. PARAMETERS INFLUENCING CARBON NANOTUBE GROWTH BY LOCALIZED LASER HEATING
When comparing laser-assisted synthesis of CNTs with a conventional CVD growth method, the main difference is the localized heat provided onto the substrate. However, with this core difference, other aspects of the process are influenced as well. Actually, all three main elements of the growth process are changed to a certain degree opening up new opportunities and remarkable results as well as imposing several problems. When comparing LACVD with other techniques, the resulting growth is assessed on structural and morphological quality of the carbon nanotubes. Raman spectroscopy is generally used to quantitatively assess the quality of the CNTs. 71, 72 At the same time, the type of nanotubes (single-walled or multiwalled), alignment, and growth direction can be viewed as a specific qualitative comparison between the different growth techniques.
The first reported research 73 on laser-assisted CNT growth showed the possibility of growing local CNT structures using a laser as the heat source. These reports also gave a first impression of the changed influence of process parameters on the resulting growth. Catalyst formation on the substrate, influence of gas and gas flows, and temperature distribution are among the parameters that are fundamentally changed. The laser source used in the process, its wavelength, irradiance, and whether it is a continuous-wave (CW) or pulsed laser, can have a noticeable effect on the resulting growth as well. In Fig. 2 , a general schematic of laserassisted growth for carbon nanotubes is given, demonstrating several variations. The laser source, providing the thermal energy necessary for CNT synthesis, can either be directed onto the substrate from the top side or the bottom side. The substrate is usually placed on a stage and can contain the catalyst, although catalyst precursors delivered through gas phase are possible as well. Several sensors, such as a pyrometer or in situ Raman can be used to monitor the process.
The inset of the figure shows the two growth methods, common for CVD growth, base-growth, and tip-growth.
In what follows, we will describe the influence that the three main elements for nanotube growth-catalyst and substrate, gas, and thermal energy-has on the growth of carbon nanotubes by laser-assisted synthesis. Also the influence of the laser source is briefly discussed, as the wavelength, power, and type of laser can influence the growth kinetics as well.
A. Catalyst and substrate
The laser heating allowed for a different method of catalyst deposition and preparation. In conventional CVD, it is common to have a catalyst preparation step, prior to the growth, which can take up to tens of minutes. In this step, the temperature is gradually ramped to the desired growth temperature in an inert gas, usually nitrogen. In laser-assisted CVD, this step can be much faster and even done in situ. Alexandrescu et al. 73 were the first to report on this. A CO 2 laser with a maximum power of 100 W was directed onto a silicon substrate. The catalyst precursor that was used was iron pentacarbonyl gas, Fe(CO) 5 , which was formed in situ on the substrate as iron nanoparticles, by heating the substrate as well as the gas (photophysical heating). The authors reported straight, curved, and branched multiwall as well as single-wall CNTs and evidently showed the possibility of growing different types of CNTs using this method. By depositing and forming the catalyst directly from the gas state onto the substrate, they also proved the possibility of a fast in situ catalyst preparation step. Following their first report, the same authors then optimized the process by reducing the supply of catalyst and feedstock gas and investigated the separation of the catalyst deposition process from the CNT growth process. 74 Both the codeposition process as well as the two-step process resulted in high quality CNTs, but only with the codeposition process, a dense aligned MWNT film was obtained (see Fig. 3 ). Furthermore, the nanotube diameters that were obtained by the codeposition process were found to be considerably smaller than those obtained by the two-step process which was attributed to smaller catalyst nanoparticles in the case of codeposition. 74 This was explained by the fact that nanotube nucleation starts when the nanoparticles reach a critical diameter instead of the nanoparticles having their diameters determined by the duration of the preparation step.
Apart from the catalyst, the substrate and subcatalyst layer beneath the catalyst also influence the resulting growth. This is a result of the change in surface energy and wetting properties of the catalyst 75 as well as the different heat distribution through the subcatalyst layer and substrate. 76, 77 On top of that, transparency of the substrate for certain wavelengths is another property that significantly influences the growth method that can be used. The most commonly used substrate is silicon, although fused silica, [76] [77] [78] graphite and grafoil, 79 and porous Al 2 O 3 membranes 80, 81 were also used in combination with laser-assisted growth. Shi et al. 82 synthesized suspended multiwall (650 C) as well as single-wall (770 C) nanotubes on inverse opal templates of silicon covered with a NiFe catalyst.
By using a substrate transparent for the laser wavelength, Chen et al. 76 were able to grow nanotubes from the backside of the substrate. However, the problem arose of how to efficiently heat up the very thin catalyst layer. As a solution, Chen et al. proposed using a light absorbing layer to support the catalyst. Their laser-assisted CVD process used a low power diode laser operating at 808 nm as the heat source. The glass substrate used was transparent to the laser wavelength and a layer of either carbon black, or commercial graphite inner coating was used to absorb the laser light. Chen et al. succeeded in growing arrays of well-aligned multiwall CNTs. Park et al. 77 used a quartz substrate in combination with a focused green (frequency-doubled) Nd:YVO 4 laser and used a combination of chromium and an aluminum buffer layer to absorb the laser light.
The subcatalyst layer codetermines the properties of the catalyst particles. 75 Oxides such as alumina (Al 2 O 3 ) or silicon-oxide (SiO 2 ) are the most commonly used subcatalyst layers and they both prevent strong wetting of the metal catalyst ensuring the proper catalyst morphology while enhancing charge transport through catalyst and support. 29 The presence of the subcatalyst layer also narrows the size distribution of the catalyst. 50 The complex interactions that play a role in these mechanisms are not yet completely understood and as such also the role of local photophysical heating by laser irradiance is not clear. The influence of the laser-induced photons on the reactions, as well as the induced temperature gradient on temperature sensitive chemical reactions might not be neglected. At the same time, a reduction of these stable oxides by thermal energy under hydrogen atmosphere is not expected. 75 
B. Gas
Gas supply plays a significant role in the nanotube formation process. The binding energy of the carbon-containing gas typically determines the absorption rate of the gas on the catalyst and, therefore, indirectly influences the growth rate. Hydrogen, ammonia, and inert carrier gases influence the growth as well, by codetermining chemical and thermodynamic process parameters. 50 On top of that, the precursor gases can influence the catalyst reduction and restructuring, 83 effectively determining the CNT growth. For some laser-assisted CVD growth, the photochemical heating of gases should also be considered. Ethylene has a resonant absorption at the CO 2 laser wavelength of 10.6 lm. This effect was used to coheat iron-pentacarbonyl gas, Fe(CO) 5 , and decompose this catalyst on the substrate 73 although follow-up research has shown that the mere thermal heating of the substrate provides sufficient energy for iron catalyst nanoparticles to form. In contrast, in thermal CVD, particularly at low temperatures, it is suggested that the preheating of the process gases can be useful to improve and enhance the growth process. 84, 85 A few studies have been done linking the CNT quality to gas concentration for laser-assisted growth. Rohmund et al. 74 reported that high quality CNTs were only obtained when a significantly reduced acetylene concentration was used in the codeposition process, with respect to their twostep process. The result was a high quality dense MWNT film, and this was explained by a decreased growth rate. A lower carbon supply rate results in a lower growth rate and thus a lower defect formation at the same temperature.
Conversely, Bondi et al. 79 reported on more and denser tubes with increasing acetylene concentration. However, the growth took place in a statically filled chamber with no flow. The authors argued that a sufficiently large reaction-chamber ensured that the feedstock gas was not consumed during the experiment since the laser heating only resulted in a small amount of CNT growth. However, the authors did not measure the quality of the nanotubes, only the amount and the density.
Morjan et al. 74, 86 investigated the influence of acetylene and ethylene precursor gas on LACVD growth. The authors reported that their experiments did not lead to any CNT growth by only using ethylene as a feedstock gas which was consistent with their previous work. As an explanation, the higher bonding energy of ethylene with respect to acetylene was given, 87 implying that the activation energy of the process is much higher, requiring higher temperatures to initiate growth. Consistent with thermal chemical vapor deposition, 88 an increase in ethylene concentration in laser-assisted CVD was found to increase the mean CNT diameter and the diameter size distribution to become broader, 87 see Fig. 4 . At high temperatures, ethylene gas can decompose thermally resulting in more amorphous carbon deposition. This effect is larger when the ethylene gas is directly heated in the gas phase by the laser as well, which can explain the lower quality and larger diameter CNTs at higher ethylene concentration. 86, 87 Some addition of ammonia-gas is commonly used to improve the growth by ensuring the presence of nucleation sites on the catalyst 86 and preventing the formation of amorphous carbon. 54 It can also be used to reduce the oxidized catalyst and remove amorphous carbon. However, in combination with laser-assisted growth, too high concentrations of ammonia were found to decrease the quality of the CNTs. 86 This was likely a result of the low absorption of ammonia gas at the laser wavelength causing cooling effects. Very high temperature gradients around the laser hot spot can also introduce local turbulences in the local gas supply. Particularly if the growth takes place in a chamber with steady-state pressure and gases, without a forced flow of process gases, turbulence or uncontrolled convection and local undersupply of carbon precursor might become a problem. However, to date, no systematic studies exist supporting this statement. Sufficient carbon feedstock supply to the hot spot is necessary to ensure stable growth, although Bondi et al. 79 argued that in the case of laser-assisted growth in a static chamber, the consumption of acetylene gas is so small that no noticeable depletion is occurring.
A specific example of exploiting the localized nature of laser-assisted growth combined with local gas control is given by the open-air apparatus of Kwok and Chiu. 89 Their approach was to separate the process gasses from the surrounding by generating different flows around the substrate. With this method, the authors were able to grow MWNTs on a quartz substrate in a controlled manner without the need for a vacuum chamber. A schematic and results are shown in Fig. 5 .
As a final note, high flow rates directed onto the heated surface could also lead to temperature drops as a result of additional cooling effects. This effect is largest with high thermally conducting gases such as hydrogen and helium and was found to significantly affect process conditions in a thermal CVD setup. 90 Therefore, it is likely that this effect will be larger with smaller heated surfaces as is the case with laser-assisted growth. To overcome this problem, temperature control can be implemented which will be discussed in Sec. II.
C. Thermal energy
One of the main advantages of using a laser as the heat source is that very high heating rates are achieved and the catalyst activation process is much faster. The whole process is, therefore, much faster as a result. This is a direct result of the local concentrated photophysical heating of the substrate. Using a CO 2 laser in combination with ethylene gas, this can even be further enhanced by exploiting the laser absorption at the substrate-gas interface. 87 On the other hand, lasers have the disadvantage of introducing a nonuniform temperature distribution over the heated spot. This effect can be stronger for more tightly focused spots, due to the thermal conduction over the substrate. This is a direct result of the Gaussian distribution of the laser beam and often required solutions to the heat dissipation over and trough the substrate. The grown CNTs can, therefore, differ in type, quality, and amount throughout the laser-affected zone. This was first shown by Fujiware et al.
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The authors used an Ar-ion laser focused to a spot with a diameter of 5-40 lm as the heat source. Similar to the laser intensity profile, the resulting temperature profile had a Gaussian distribution as well. The corresponding growth resulted in the absence of CNTs in the center of the laser spot where the temperature was too high and SWNTs around the edges of the spot. By reducing the power of the laser beam, the authors succeeded in achieving growth over the complete focused laser spot. However, as expected, there was a difference in nanotube size, quality, and type over the radius of the spot.
Kasuya et al. 92 suggested a method that tackled the problem of the heat dissipation through the highly thermally conductive silicon substrate that is often used. Because of the conductive silicon, a focused beam can result in a very flat temperature distribution much larger than the spot-size.
To overcome these problems, the group proposed to use a substrate with an "energy confining layer." This layer consists of a 100 nm thick chromium layer to absorb the Nd:YAG laser source and a heat insulation layer of SiO 2 with a thickness of 1.5 lm, see Fig. 6 . Using this layer, they successfully confined the heat into the area of laser irradiation which resulted in a rapid, 1 s, localized synthesis of SWNTs.
Similarly, in the research of Park et al., 77 the chromium layer between the transparent quartz substrate and nickel catalyst acted as the light and heat absorbing layer while the aluminum buffer layer contributed to the uniformity of the growth, as shown in Fig. 7 . By using iron as a catalyst, Park et al. also succeeded in growing MWNT pillars, 93 and by using a modified catalyst deposition process, high density SWNTs were grown as well.
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Another solution to the problem of nonuniform temperature distribution could be to use beam-shaping or profiling. This technique has been successfully demonstrated in laser curing 95 and requires the inverse of the temperature distribution as an input in the beam profiler. A few examples are flat-top laser beams or donut shaped intensity profiles. To date, no research with laser-assisted growth of CNTs with these beam profiles has been presented.
D. Laser source
From a global point of view, thermal energy can be provided by any type of heat source. However, different energy sources can also influence the kinetics of the heating process. In fact, the laser type and wavelength could influence the resulting growth. Apart from the most commonly used CO 2 lasers, a wide variety of different laser sources have been reported to grow CNT structures, such as Ar-ion lasers, 80, 81, 91, 96 Nd:YAG lasers, 78,92,97 diode lasers, 76, [98] [99] [100] and Nd:YVO 4 lasers. 77, 78, 93, 94 These reported laser sources all are CW lasers where the beam irradiates the substrate continuously for a certain duration.
In 2008, Liu et al. 101 reported for the first time CNT growth using a high-power pulsed-laser source instead of the conventional CW lasers. The reason for doing so was to be able to investigate kinetics of nucleation and growth of CNTs. Using a pulsed Nd:YAG laser, Liu et al. grew exclusively SWNTs with estimated growth rates between 10 and 100 lm/s and a minimum nucleation time of 0.1 s. Similarly, Uchida and Yoshida 102 used a pulsed Nd:YAG laser to grow SWNTs as well but combined this with resistive heating of the substrate.
A special case arises when a laser is used with a wavelength equal to the resonance frequency of the catalyst nanoparticles. This surface plasmon resonance effect of metal nanoparticles is the basis for the plasmon-assisted CVD process. 103 The laser-light is efficiently converted into heat inside the particles. In the research of Cao et al. 104 and Hung et al.,
105 a low-power 532 nm CW-laser is used to locally induce the surface plasmon reaction on nanoparticles. As a result, these particles are quickly heated to an elevated temperature, allowing the synthesis of CNTs on nickel 104 and gold particles. 105 Formally, the method described does not fit the laser-assisted CVD methods; nevertheless, it can be argued that it is in fact a CVD process using a low-power focused laser to stimulate the growth of CNTs. Actually, using this method, it has been demonstrated that local growth occurred only there, where the laser beam was focused and a metal nanoparticle was present, with even better confined heat distribution than in other laser-assisted CVD processes. As a result, the growth of CNTs on an SU-8 polymer substrate was demonstrated. 105 
E. Part II: Summary
Laser-assisted heating significantly influences the process parameters in CNT growth. The rapid heating allows for a fast in situ preparation and deposition of the catalyst without the need for a pretreatment in an inert environment, while the substrate characteristics result in a number of interesting applications such as direct local growth initiated from the bottom.
Although focused laser spots tend to induce a widened and nonuniform temperature distribution, a number of solutions were proposed involving different, less thermally conductive, substrates, and energy confining layers. However, the resulting CNT growth might still vary over the radius of the heated area, and beam profiling could limit these effects.
The process gases and their partial pressure and ratio and flow rates significantly influence the growth, morphology, and structural quality of CNTs. Similarly to thermal CVD, this is a result of the binding energies that determine dissociation and absorption rates. For laser-assisted growth, however, ethylene and ammonia gas can be influenced by coheating of the gas phase as a result of the CO 2 wavelength absorbance of these gases, although it seems that the coheating has no or a negative influence on the growth. The general influence of gas on growth kinetics in combination with laser-assisted growth has not been investigated widely, and systematic studies are missing. The type of laser that is used directly affects the resulting growth, as the coheating of ethylene with a CO 2 laser demonstrates. Numerous different lasers have been used where the power and wavelength generally are most important to the resulting growth. A pulsed-laser source opens up special possibilities including growth kinetics investigations.
III. PROCESS CONTROL IN LASER-ASSISTED CVD FOR CNT GROWTH
This section deals with the different control aspects of the LACVD growth. Using a laser as the localized heat source introduces difficulties with respect to process control but at the same time opens up different opportunities with respect to controlling, measuring, and monitoring the CNT growth process in situ. Because of the small area that is heated, the laser provides an almost instantaneous temperature response, making it much faster and more flexible in controlling the process than a global heating process. The laser source itself can also provide information on the process by for instance monitoring the reflection or a scattered Raman signal. However, the Gaussian distribution of the laser beam results in a nonuniform temperature distribution over the laser spot and surrounding, and control over the growth temperature is, therefore, not straightforward.
A. Temperature control
Temperature control is crucial to the control of the carbon nanotube growth. In conventional CVD systems, the temperature control is relatively straightforward. The process consist of either of a tube furnace heating both the furnace and substrate (hot wall reactors), or of a resistive or induction heater just below the substrate, heating only the substrate (cold wall reactors). 106 With laser-assisted CVD, the control of temperature is much less straightforward. Generally, not the complete substrate is heated so using a thermocouple or conducting another physical measurement of temperature within the laser affected zone is not possible. However, if the locally heated area is large and sufficiently uniform 73, 74, 87 or if the thermocouple is close enough, 98 a first approximation of the growth temperature can be obtained.
Pyrometer controlled temperature
A better option is to use an optical pyrometer to measure the temperature within the laser spot directly 74, 80, 82, 87, 89, 97, 101, 107, 108 if the laser-affected zone is large and uniform enough. Uniformity is necessary because the relatively small center of the laser spot should not have a temperature much higher than the overall spot temperature, since that would lead to biased temperature estimation. A number of different pyrometers are available, measuring in a range from 0-3000 C and a spot diameter of 2 mm and larger. Liu et al. used a pyrometer in combination with a pulsed Nd:YAG laser source to investigate nanotube nucleation and growth. 101 The 2 ms temporal and 2 mm spatial resolution of the two-color pyrometer enabled them to investigate the effect on sample temperature of a 50 ms pulse. The calculated ramping rate was $3.3 Â 10 4 C/s, as the sample was heated to 900 C in 25 ms. The pyrometer is generally used to be able to maintain a certain temperature in the laser spot at the surface but can also be used as feedback to dynamically change the temperature in time. This was demonstrated by Mahjouri-Samani et al. 108 by showing the ability to control and dynamically change the local temperature during growth.
In situ Raman-spectroscopy for temperature control
For a more precise control of temperature, an in situ Raman signal can also be used. This enables the direct measurement of the temperature of the substrate in the laser spot by measuring the Raman shift of the silicon substrate. 109 The spatial resolution is thus determined by the optics and ability to focus the Raman excitation laser while the temporal resolution is depending on the intensity of the Raman intensity. It has also been reported that Raman shift, peak width, and intensity of the radial breathing mode (RBM) are a function of temperature. 110 Using these methods, Hung et al. 105 and Chiasi et al. 96 were able to determine in situ the temperature during CNT growth by laser irradiation. This is graphically shown in Fig. 8 . Bock et al. 78 used the in situ Raman signal for a first approximation of the temperature. A downside of this technique is the difficult implementation of the Raman laser source in a growth setup. The high costs of the Raman laser source and setup are also contributing to the fact that not much research has been published with this technique yet.
Modeling of temperature
Next to the possibility of a direct measurement of temperature, using in situ Raman or applicable pyrometer, another approach to investigate temperatures involved in the process is to use finite element method modeling (FEM) to calculate the corresponding temperatures. This was first demonstrated by Bondi et al. 79 who used a combination of computational fluid dynamics and finite difference modeling to implement the different heat transport mechanisms and convective fluid flow around the heated zone. The model also had the ability to include a scanning laser beam. A thermal camera was used to validate the model by comparing temperatures within the range of that camera. Kasuya et al. 92 used a model without temperature dependent properties of the materials to investigate the temperature around the laser spot and as a function of time. In their case, the results should be interpreted qualitatively and mainly provide a first approximation of the rise time for the temperature and the spatial distribution of temperature around the laser heated spot. Neglecting convection and radiation effects, Cao et al. 104 used thermal modeling to describe their plasmon resonance process calculating the local temperature around a nanoparticle. The model included a frequency-dependent absorbed fraction of the laser power, which was highest at the surface plasmon resonance. Using an infrared photodetector, we developed a feedback control mechanism based on the thermal radiation as a first approximation of temperature, to control the temperature at the laser spot. 100 A finite element method model was developed to investigate the temperature evolution in time for each experiment. The model included the time dependent laser irradiance and reflection signal calibrated with thermocouple information at the edge of the heated substrate. The model also contained temperature dependent Nusselt relations to include convection, as well as temperature dependent material properties of all the materials and gases involved. The modeled temperature at the laser spot as a function of time can be seen in Fig. 9 , comparing the controlled case with the uncontrolled one.
B. Carbon nanotube diameter control
Since the beginning of CNT research, controlled synthesis has been widely investigated, and many attempts to optimize the growth have been made. Specifically chirality-and diameter-control is of great importance to be able to fully utilize the exceptional properties of CNTs in electronics and related fields. 111 The CVD process opened up more control of growth direction, alignment, location, and properties of the nanotubes, using a controllable metal catalyst as the basis for the growth. Ultimately, the research on CVD for CNT growth led to the well-known relation between catalyst particle size and diameter of the carbon nanotube. [33] [34] [35] Even a direct relation between deposited catalyst precursor metal film thickness and nanotube diameter has been reported. 36, 37 Catalyst and morphology thus are an important control parameter in the controlled growth of nanotubes.
Numerous different catalysts have been studied but nickel, iron, cobalt, and their alloys, or compounds appear to be at the basis of most CNT growth. Laser-assisted CVD research shows a wide variety of catalysts as well. The early reports used Fe(CO) 5 as catalyst precursor, 73, 74, 79, 86, 87 but iron has been reported most. 78, 93, 94, [98] [99] [100] [101] 107 The control of catalyst morphology allows for a better control of the process, although there has not been a significant advantage of laser-assisted CVD over other CVD methods with respect to catalyst morphology control. In fact, the nonuniform temperature distribution most likely results in nonuniform size distribution of the formed nanoparticles and consequently a larger variety of CNT diameter and chirality. However, the quick temperature response to variations of the laser intensity allowed Mahjouri-Samani et al. 108 to modulate the SWNT diameter during growth. The resulting SWNT with changing diameter is shown in Fig. 10 . The rapid temperature rise characteristic to laser heating could provide an advantage as research on the formation of nanoparticles using laser ablation techniques suggests. 112 Some groups have exploited laser-assisted growth combined with catalyst size control to better control the nanotube diameter distribution. For instance, Kwok and Chiu 89 used gold-palladium nanoparticles that were created in a separate process requiring a preparation step in nitrogen gas. This enabled them to have greater control over the diameter distribution of the nanoparticles. As expected, they showed a relation between the size of the nanoparticles and the nanotube diameter under constant laser radiation. Morjan et al. investigated CNT diameter with respect to process parameters as well. Well-defined iron-carbon composite nanoparticles with a narrow particle distribution were used as catalyst for the laser-assisted growth. The catalysts were produced by a pyrolysis of acetylene, ethylene, and iron-pentacarbonyl gas. 113 Using precreated catalyst nanoparticles with a narrow diameter distribution allowed for a greater control over the resulting nanotube diameters. 86, 87 As an explanation for the observed widening of the nanotube diameter distribution, the tendency for the nanoparticles to cluster has been proposed. This tendency occurs when the substrate and catalyst have a higher temperature resulting in larger particles. 87 The temperature rises with higher laser energy but can also be influenced by other process parameters. Bondi et al. 79 also found a relation between nanotube diameter and process parameters, although they used a gas phase catalyst, iron-pentacarbonyl. The authors found that a reduction of catalyst precursor gas pressure resulted in more growth and smaller diameters.
A more effective heating of substrate and catalyst has also been proven to positively affect the control over diameter distribution. Longtin et al. 80 succeeded in having a greater control over the diameter distribution by directly heating a laser-annealed nickel catalyst layer, electrochemically deposited within the pores of a porous Al 2 O 3 membrane growing carbon nanofibers. In Table II , an overview of the catalysts used and corresponding research and results is given.
C. In situ process monitoring
To study kinetics and dynamics of the nanotube growth, in situ and real-time information from the growth process is essential. In thermal CVD nanotube growth, several techniques, such as using a displacement sensor, 114 a shadow technique, 115 or a probe beam reflection technique, 116 have been used for that purpose. The shadow technique links the dynamically changing intensity of a light source on a CCD chip with the length of the vertically aligned nanotube forest. Dynamic reflection techniques use a laser beam which is focused on the growth side and reflection is measured to study the growth rate, size, and other dynamic properties. 116, 117 To obtain similar in situ information about the CNT growth process using LACVD, the same laser beam used for the local heating can be used, as we have recently showed by measuring growth kinetics in LACVD. 127 The laser beam used for heating the substrate can also be used for a number of other measurement techniques. Using in situ Raman, for instance, Chiashi et al. 96 were able to characterize SWNT growth as a function of time as shown in Fig. 8 . The authors were successful in growing SWNTs using a HeNe laser but for the in situ Raman experiments, the Raman-excitation Ar-ion laser was also used as the heating source. Hung et al. 105 used a similar in situ Raman process to investigate and monitor the growth of the SWNT and coinduced metal oxide process as well as the temperatures involved during growth. By measuring the reflection of the laser beam, Halu ska et al. 99 identified different stages of CNT growth and related those to the in situ measurement of different sensors. The information from the reflection of the laser beam provided a first approximation of the growth product. A drop in reflection signal corresponded to the growth of nanotubes but a further drop in this signal was identified as amorphous carbon deposition as a result of the increased laser absorption of the CNTs which resulted in overheating. This is schematically shown in Fig. 11 . In a follow-up research, we developed a unique method to identify the onset of catalyst formation and activation by monitoring the fluctuation of the reflected laser beam. 100 Bock et al. 78 reported on optical feedback mechanisms during growth of MWNTs. In situ Raman and reflection spectroscopy are related to the growth products. A strong positive feedback was observed during different stages of the growth. More laser energy is absorbed as a result of CNT growth, corresponding to previously found results by Halu ska et al., 99 so the temperature increased and this eventually resulted in amorphous carbon deposition above 900 C.
D. Localization and direction of carbon nanotube growth
One of the major reasons for the popularity of CVD over other CNT growth techniques is the high controllability over properties, alignment,and growth direction of the resulting CNTs. Yet, control over specific position and direction sometimes proves to be challenging, especially when integrating the process with other processes and (temperature-) sensitive materials. The unique nature of laser-assisted CVD growth has been found to show some interesting solutions to enhance the controllability of the specific position and direction of the grown CNT structures.
Local aligned growth
Numerous applications require specific alignment of the CNT structures. Particularly, vertically aligned CNT structures are preferred. Rohmund et al. were the first to demonstrate aligned CNTs using LACVD. 74 They showed films of vertically aligned multiwalled carbon nanotubes of extremely high packing density. Later, Halu ska et al. grew vertically aligned single-walled and multiwalled carbon nanotube forests 98 and Bock et al. reported on radially aligned multiwalled CNT structures. 78 Also large mats of aligned carbon nanofibers were reported. 80, 81 However, laser-assisted CVD opened up the possibility to grow local aligned CNT structures, with a structural size in the order of the laser spot-size. Chen et al. were the first to show local aligned CNT structures. 76 The authors reported on well-aligned multiwalled carbon nanotube arrays on glass, using a back side laser illumination in combination with a carbon black layer. Park et al. 93 also used back side laser illumination to grow vertically aligned pillars of MWNTs. The pillars were roughly 4 lm in diameter and grew with 1 lm/s to a height of around 60 lm, see Fig. 12 .
Apart from local vertically aligned growth, it can also be useful to align the CNTs in any other arbitrary direction. It has been known for some time that an electric field can align the CNT growth along the field lines. 118, 119 However, applying an electric field over the growth area is not easy. Other groups have shown that also a flow of process gasses could be used to align the nanotube growth in the direction of the flow. 87, 120, 121 To combine the localized laser-assisted growth process with direction control would even further enhance the possibilities for future nanotube-based electronic devices. The control of alignment and direction of CNT growth using LACVD was first demonstrated by Bondi et al. 79 They used an electric field in combination with H 2 gas flow to align the tubes in a certain direction.
The group of Yongfeng Lu investigated the ability to grow suspended aligned CNTs over a variety of structures and geometries. By exploiting the ability of the laser to heat suspended structures, smaller than the laser spot-size, they were able to grow (single) CNTs bridging electrodes or other suspended geometries. 82, 97, 107, 108 They reported on SWNTs bridging two Mo electrodes using an unfocused as well as a focused CO 2 laser in combination with an electrical field. 97 The field applied was varied between 1 and 1.5 V/lm
À1
. An ampere meter was used to monitor the completion of the bridging, when a current flow was observed. This typically took around 20-30 s. The result is shown in Fig. 13 . Following up on this, the group also reported on the local growth of semi-conducting SWNTs bridging two Ruthenium electrodes, using optical near-field effects in the laser-assisted CVD process. 107 A DC voltage of 1 V/lm À1 assisted the self-aligned growth. The growth took place at 550 C, considerably lower than commonly reported for LACVD. A recent article 122 provides a comprehensive summary of the findings and (laser-assisted) techniques developed in their laboratory.
Using a focused CO 2 laser, Ruan et al. 123 grew forests of CNTs directly on small suspended structures. They succeeded in growing tens of nanometers thick MWNTs on suspended silicon microstructures smaller than the laser spot-size using iron as catalyst. Due to the low thermal mass and heat dissipation of these small structures, the authors only required a low power CO 2 laser source.
The plasmon resonance process described by Hung et al. 105 was used to create a method to control the growth and direction of suspended carbon nanotubes moving the laser in three dimensions. It is believed that the large temperature gradient generated in the vicinity of the laser spot was responsible for the direction controlled growth.
Writing lines and patterns
Another advantage of using a laser as the localized heat source over other local heat sources such as microresistive heaters is the flexibility to heat any part of the substrate desired and to move the substrate with respect to the laser spot while growing. Bondi et al. 79 were the first to use this advantage and were able to write dot and line patterns of CNTs with a width of 200 lm using a focused CO 2 laser. Their approach was to scan multiple times with a high speed rather than one scan at low speed. It appeared this method resulted in less unwanted and uncontrolled growth at the laser spot. However, the influence of the laser beam on already grown CNTs was not yet investigated. Combined with their energy confining layer, Kasuya et al. 92 were able to write thin 2 lm wide SWNT lines with a write speed of 1 lm/s using their focused Nd:YAG laser. In  Fig. 14, SEM pictures of the resulting growth are presented. Park et al. 77 succeeded in writing dense multiwalled dot and line CNT patterns below 10 lm in size. Their results are depicted in Fig. 15 . The energy absorbing layer that was used proved to be critical in their results as well. It ensured the uniformity of growth, reducing the sensitivity of the catalyst layer to local temperature variations.
E. Part III: Summary
Process control in laser-assisted CVD growth of CNTs is essential. As CNT synthesis depends largely on process conditions and particularly temperature, a well-controlled temperature is crucial. A thermocouple, optical pyrometer, or Raman signal can be used to measure temperature directly where the Raman is most precise but also most difficult to implement and most expensive. With no direct temperature measurement, thermal modeling can be used to calculate temperatures involved in the process afterward or to predict the temperature upfront. Using the fast temperature response in combination with direct temperature measurement, the growth temperature can be instantly varied. This enables direct control over the diameter of the CNT. Other attempts to increase control over the diameter of the CNTs generally consisted of more control over the catalyst size and morphology.
A direct result of the laser-assisted CVD process is the ability to in situ monitor the process. The dynamically changing reflected laser signal can be used to investigate growth kinetics or even be used as a Raman signal, characterizing CNT quality growth as a function of time.
Finally, the localized nature of the laser-assisted growth enables local aligned growth as well writing lines and patterns on substrates with temperature sensitive components making it a highly versatile process.
IV. APPLICATIONS
Localized controlled CVD for CNT growth has the advantage that it is a highly flexible process easily integrated in the production process; however, actual functioning applications with CNTs are still relatively sparse. Most likely, this is the result of the practical integration of conventional CNT growth processes and the insufficient controllability in the case of LACVD growth. The ability to write patterns and grow CNT structures locally wherever desired does enhance possible future applications. Laser-assisted CVD growth has a significant advantage over conventional CVD heating with respect to the localized heat. This opens up opportunities for applications to directly grow the CNT structures on substrates containing heat sensitive parts rather than separating the process into a growth and transfer step. This flexibility was demonstrated, for instance, by Liu et al. 101 see Fig. 16 . They developed a nanotube field effect transistor that showed ambipolar behavior using their pulsed laser directwrite method. The figure clearly shows the ability to direct the laser on a certain position of the structure, restricting the growth to that location. Chen et al. tested the field emission properties of their array of well-aligned multiwall CNTs on a fluorescent screen. 76 The result is shown in Fig. 17 . The flexibility of the laser assisted CVD process enables them to write any pattern or text with fluorescent CNT structures, without having to perform a lithography or transfer step. Using the fast temperature response of localized laser heating, Mahjouri-Samani et al.
108 fabricated a single carbon nanotube diode that was integrated in electrodes to form a field-effect-transistor. Decreasing temperature during growth resulted in an increase of nanotube diameter, which accounted for the diodelike behavior. As a final example, we recently demonstrated the direct growth of aligned carbon nanotube structures inside a microchannel. 124 The ability of the laser to heat the growth site through a transparent cover could prove useful in fabricating in situ CNT structures that could act as sensors or filters for microfluidic and lab-onchip devices. This is schematically shown in Fig. 18 .
V. CONCLUSIONS AND PERSPECTIVES
Laser-assisted CVD growth of carbon nanotubes has developed into a very attractive process for local, rapid, and well defined growth of CNT structures. The ability to grow virtually anywhere on a substrate, write patterns and lines, inside microchannels and close to temperature sensitive elements and components opens up new application areas for CNTs. Although it is not a new technique, a number of opportunities but also new problems specific to the growth of CNTs with laser-assisted CVD arose. The influence of the laser on the growth characteristics was found to be significant. Catalyst preparation and substrate selection introduced unique opportunities specific for laser-assisted growth. Also, gas phase heating by a specific laser wavelength and the influence of different types of lasers was investigated. Most dominantly though, process control was proven to be challenging. Process control is essential for control over the growth product and properties and as such ultimately over possible applications. Several solutions were developed regarding temperature-, alignment-and position control. These attempts greatly enhanced the ability to tune the properties of the CNTs, as the demonstration of diameter control by fast temperature control has proven. Benefiting from the laser signal, primarily used for the heating, several direct measurements of the growth could be extracted. In situ Raman spectroscopy, for instance, provides a direct measurement of the structural quality of the CNTs. On top of that, the reflected signal can be used for first order measurements of growth characteristics such as length and growth rate.
The next step in laser-assisted growth would, therefore, be to use the technique itself to further understand and unravel the mechanism of CNT growth by laser-assisted CVD. As the nature of the localized laser-induced growth is different than for other CVD techniques, it is crucial to understand the growth mechanisms, dynamics, and other kinetics to fully utilize and optimize the capabilities of this technique. As recent successes on carbon nanotube computing have proven, 19 the ability to grow controlled local suspended CNTs on specific positions might be a next step. Laser-assisted CVD has a major advantage in selectively heating the growth site and the ability to grow single suspended CNTs, capable of displaying transistor behavior. In that perspective, we would expect LACVD to be a basis for cheap printed full carbon electronics, especially for flexible electronics and/or prototyping, allowing the user to quickly produce specifically designed devices, competing with classical techniques by easiness and cheapness, not by fabrication volume.
A further enhancement of the local gas flow growth of Kwok and Chiu 89 could be the development of a miniaturize reaction chamber with incorporated laser to be able to selectively grow CNTs on a large wafer or device. This way, local, aligned structures of carbon nanotubes can be created without the need for a static CVD chamber, anywhere desired. Of course, scientific focus has been shifting toward other molecular carbon structures such as graphene where we would expect the laser-assisted CVD method could also provide major advantages for local, controlled growth as some first results already suggests. 125, 126 A lot of progress has been made to enhance CNT growth control, though controlled growth of individual CNTs with predetermined specific morphological, chemical, and electrical properties remains a challenge. Nevertheless, current developments on understanding the rate-limiting mechanisms, including our own work, greatly enhance the knowledge of underlying mechanisms of CNT growth, thus enabling further enhancements on specific control.
